ABSTRACT-We examined morphologically innervation of the heart of the ostracod crustacean Vargula hilgendorfii. The heart is single chambered and composed of a single layer of myocardial cells characterized by localization of myofibrils at the epicardial side. A nerve net in the heart was determined by vital staining with methylene blue. Electron microscopy revealed that a single neuron situated on the outer surface of the dorsal heart wall sends an axon into the heart wall. The axon of the dorsal neuron is branched widely and forms many neuromuscular junctions on the myocardial cells. A pair of extrinsic nerves, each of which contains several axons, enters the heart bilaterally and forms numerous nerve terminals on the dorsal neuron and myocardial cells, while no synaptic structures were found in the nerve terminals. The results suggest that the heart of V. hilgendorfii is neurogenic, with a single cardiac neuron having both pacemaker and motor functions.
INTRODUCTION
Many investigations on the heartbeat pacemaker mechanism of crustaceans, mainly of decapods, have led to generalization that the crustacean heart is neurogenic, with the cardiac ganglion acting as the pacemaker (reviewed by Maynard, 1960; Prosser, 1973; McMahon et al., 1997) . Recently, however, different cardiac pacemaker mechanisms have been reported. In the branchiopod Triops longicaudatus, no neurons are present in the heart and the heart exhibits myogenic heartbeats arising from the endogenous rhythmic activity of the myocardium . In the heart of adults of the isopod Ligia exotica, both the cardiac ganglion and myocardium have endogenous rhythmic activity and the cardiac ganglion acts as the primary pacemaker entraining the myogenic rhythm to the neurogenic one via excitatory neuromuscular junctional potentials (Yamagishi and Hirose, 1997) . Thus, the cardiac pacemaker mechanism of crustaceans appears to be more diverse than previously thought.
On the other hand, some diversity in the cardiac ganglion system has been reported among crustaceans (reviewed by Maynard, 1960) . The cardiac ganglion of isopods is composed of 6 (Ligia exotica, Suzuki, 1934; Ligia oceanica, Alexandrowictz, 1952) or 12 (Bathynomus doederleini, Kihara and Kuwasawa, 1984) neurons, and each of the ganglion neurons has both pacemaker and motor functions (Yamagishi and Ebara, 1985; Sakurai et al., 1998) . In stomatopods, the cardiac ganglion is composed of 15 motor neurons (Alexandrowictz, 1934) with several anterior neurons giving the pacemaker function (Watanabe et al., 1967) . In many decapods, the cardiac ganglion is composed of 9 neurons (Alexandrowictz, 1932) and these neurons are differentiated into 4 small pacemaker neurons and 5 large motor neurons (reviewed by Hagiwara, 1961; Hartline, 1979) . However, the phylogenetic diversity of the cardiac ganglion system in crustaceans has not been investigated thoroughly (reviewed by Wilkens, 1999) .
In the ostracod Gigantcypris mülleri, Cannon (1940) has reported anatomically the presence of only a single neuron in the heart, perhaps indicating that ostracods have the simplest cardiac ganglion system among crustaceans. The nervous components of the heart were not examined in the light and electron microscopic studies of two ostracods, Cypridina norvegica (Christ, 1982) and V. hilgendorfii (Abe and Vannier, 1995) . In order to explore phylogenetic diversity of the cardiac ganglion system in crustaceans, we examined innervation of the heart of V.hilgendorfii. The results suggest that the heart of V. hilgendorfii is neurogenic, with a single cardiac neuron acting as the pacemaker. Some of the results presented here have been appeared previously in abstract form (Ando et al., 1998) .
MATERIALS AND METHODS

Animals
Adult males and females of the marine ostracod crustacean V. hilgendorfii (Müller) were collected using baited traps at the seashores at Tateyama and Shimoda, Japan. They were kept in an artificial seawater (ASW; SWING Hi-marine, Hi-pet Co.) aquarium in the laboratory, at room temperature, for two to three months. Over a hundred Internal structures of the body can be observed through translucent valves. The heart (asterisk) is located dorsally just behind the compound eye. B, Anatomy of V. hilgendorfii drawn after removing the right valve. ce, compound eye; h, heart; os, ostium; va, left valve. C, Light micrograph of a transverse paraffin section through the heart, aorta and compound eyes. ce, compound eye; cv, cardioarterial valve; hc, heart cavity; he, hemolymph sinus; my, myocardium; oe, oesophagus; pe, pericardium; sl, suspensory ligament. D, Electron micrograph of a transverse section of myocardial cells. The heart wall is composed of a single layer of myocardial cells. Each myocardial cell is globular shaped and surrounded by epicardium and basal lamina. ep, epicardium; lu, lumenof the heart; mf, myofibrils; mt, mitochondrion; n, nucleus. Scale bars represent 500 µm in A, 200 µm in C and 2 µm in D. specimens, 3.0 to 3.5 mm in body length, were used for experiments.
Vital staining with methylene blue
The body of V. hilgendorfii is covered with translucent left and right valves (Fig. 1A) . One of the valves of the specimen was fixed to a small sheet of Parafilm with an adhesive. Then, the specimen was placed in the Silgard seated chamber filled with ASW and was fixed to the bottom of the chamber by pins through the Parafilm sheet. The heart was exposed by breaking the upper side valve and isolated by removing tissues around the heart. Several drops of 0.5% methylene blue (Wako) solution were added into the chamber. Nerves stained on the heart were observed under a stereomicroscope and drawn.
Light and electron microscopy
Fresh specimens were fixed with Bouin's solution at room temperature for 3 to 7 days and dehydrated in graded ethanol-n-butanol series. Then the specimens were embedded in paraffin (melting point 56 to 57°C) and prepared for microtome serial sections (5 to 10 µm in thickness). The sections were stained with Mayer's hematoxyline and eosin, and then observed with a light microscope.
For electron microscopy, the heart with some surrounding tissues was isolated and prefixed for 1 hr at room temperature and 2 hr at 4°C with 2.5% glutaraldehyde in ASW. After washing, the preparation was postfixed for 1.5 hr at 4°C with 2% osmium tetroxide in distilled water and dehydrated through a graded ethanol series. Then the preparation was cleaned in n-butyle glycidyl ether (QY-1) and infiltrated in an n-butyl glycidyl ether/epoxy rigin (Epon 812 or Ager 100) mixture. Embedding was achieved in flat molds filled with epoxy resin at 60°C. Ultrathin sections were cut with a diamond knife (Diatome). The sections on Formvar-covered single hole grids were stained in saturated uranyl acetate solution and examined with a JEOL JEM-1010 transmission electron microscope at 80 kV.
RESULTS
Structure of the heart
The single chambered heart of V. hilgendorfii is globular (approximately 250 µm in diameter) and is located dorsally behind the lateral eyes ( Fig. 1 A and B) . The heart is suspended in the pericardial cavity by suspensory ligaments and has two ostia and one ventral aorta (Fig. 1C) . The heart wall consists of a single layer of globular myocardial cells surrounded by epicardium and basal lamina. Electron microscopy revealed that bundles of myofibrils are localized at the pericardial side and cross each other in each myocardial cell (Fig. 1D ). Fig. 2 is a schematic drawing of the cardiac nervous system of V. hilgendorfii as observed by vital staining with methylene blue. The cardiac nervous system consists of three main nerves which we refer as the dorsal, lateral, and ventral nerves. The dorsal nerve runs transversely along the midline of the dorsal heart wall and the posterior end of the dorsal nerve projects out of the heart forming a neuron-like globular structure. The dorsal nerve connects at the anterior portion of the heart with the lateral nerve. The lateral nerve runs horizontally at the central portion of the anterior heart wall and a pair of extrinsic nerves joins the nerve bilaterally. The ventral nerves are derived from the lateral nerve at the left and right sides of the heart and extends to the ventrolateral regions of the heart.
Cardiac nervous system
In the anterior region of the heart some thin nerves are derived ventrally from the lateral nerve and branch finely.
Fine structure of the cardiac nervous system
Electron microscopy revealed that the globular structure on the outer surface of the dorsal heart wall was the soma of a neuron that we refer to as the dorsal neuron. The soma of the dorsal neuron was 12 to 16 µm in diameter, contained a nucleus and sent an axon into the heart wall (Fig. 3A) . Several nerve terminals containing many vesicles surrounded the soma of the dorsal neuron (Fig. 3B) . However, no definite synaptic structures were found between the nerve terminals and the soma of the dorsal neuron. The dorsal nerve was composed of five axons (Fig. 3C) . The axon of the dorsal neuron could be distinguished from the other four axon in the dorsal nerve because it was always larger in diameter than the other four axons and contained no dense vesicles. The four axons were extrinsic axons; two of them are in the left extrinsic nerve and the other two are in the right extrinsic nerve; they enter the dorsal nerve bilaterally through the lateral nerve. The nerve terminals surrounding the soma of the dorsal neuron arise from the four extrinsic axons which run in the dorsal nerve with the axon of the dorsal neuron (Fig. 3D) .
The axon of the dorsal neuron runs anteriorly in the dorsal nerve, bifurcates at the connection with the lateral nerve, and extends into the left and right ventral nerves. Over its course, the axon of the dorsal neuron gives rise to many fine branches and forms nerve terminals on the myocardial cells. In the nerve terminals, typical synaptic structures, aggregation of vesicles at the presynaptic site and thickening of the postsynaptic membrane, were clearly found. At the postsyn- Fig. 2 . Cardiac nervous system of V. hilgendorfii. Schematic drawing of the cardiac nervous system after staining with methylene blue; laterofrontal view of the heart from the right side. ao, aorta; dn, dorsal nerve; len, left extrinsic nerve; ln, lateral nerve; lvn, left ventral nerve; os, ostium; ren, right extrinsic nerve; rvn, right ventral nerve. Fig. 3 . Electron micrographs of the cardiac nervous system. A, Sagittal section of the soma of the dorsal neuron. The soma of the dorsal neuron is located on the outer surface of the dorsal heart wall and sends an axon into the heart wall. ax, axon; ep, epicardium; mc, myocardial cell; n, nucleus. B, Sagittal section of the soma of dorsal neuron. Nerve terminals surrounding the soma of the dorsal neuron are shown. Many neuro-filaments (arrow) are found in the neuron. n, nucleus; t, nerve terminal C, Transverse section of the dorsal nerve. The dorsal nerve is composed of five axons (asterisks), including an axon of the dorsal neuron and four extrinsic axons of smaller diameter. D, Schematic drawing of the soma of the dorsal neuron. The soma of the dorsal neuron is surrounded by nerve terminals derived from the four extrinsic axons in the dorsal nerve. ax, axon; n, nucleus; t, terminal; so, soma. Scale bars represent 2 µm in A and B, and 0.5 µm in C. aptic region of the myocardial cell, no myofibrils but many sites of invagination of the sarcolemma were observed (Fig. 4A.) .
At the region of the connection between the dorsal and lateral nerves, a neuron-like cell structures (10 to 15 µm in diameter) containing a nucleus was found on the lumenal side of the heart wall (Fig. 4B) . This cell sent processes bilaterally into the lateral nerve. The cell appears to be a neuron but no nerve terminals were found in the processes.
Each of the paired extrinsic nerves contained two thick and several thin axons (Fig. 5A) . The thick axons were found in the dorsal, lateral and ventral nerves and the thin axons were found also in the lateral and ventral nerves. Over their Fig. 5 . Electron micrographs of the cardiac nervous system. A, Transverse section of an extrinsic nerve at the portion just before entering the heart. In addition to two thick axons (asterisks), several thin axons are observed (asterisks). Some myofibrils (mf) attach to the extrinsic nerve at this portion. sc, supporting cell. B, Longitudinal section of the dorsal nerve. Nerve terminals (t) of the extrinsic axons on the dorsal neuron axon (ax) are shown. C, Transverse section of a branch derived anteriorly from the lateral nerve. Nerve terminals (t) of extrinsic axons on the lumenal surface of the myocardial cell (mc) are shown. Scale bars represent 1 µm in A and C, and 0.5 µm in B.
courses, the axons form nerve terminals on the axon of the dorsal neuron (Fig. 5B ) and on the lumenal surface of the myocardial cells (Fig. 5C ). However, no definite synaptic structures were found in the nerve terminals.
DISCUSSION
The results of the present study show that the heart of ostracods has a cardiac nervous system as suggested by Canon (1940) . Moreover, the finding of an intrinsic motor neuron is the first evidence for the presence of the cardiac ganglion system in Ostracoda, the most primitive order in Crustacea investigated so far.
As reported by Abe and Vannier (1995) , the heart of V. hilgendorfii has two ostia and one ventral aorta, and the heart wall is composed of a single layer of globular myocardial cells. In each myocardial cell, bundles of myofibrils are localized at the epicardial site and cross each other (Fig. 1) . These characteristics of the myocardial cells of V. hilgendorfii are similar to those of the ostracod Cypridina norvegica (Christ,1982) . Ultrastructure of the myocardial cells has been investigated in various crustaceans (reviewed by Nylund et al., 1987) . The characteristics of the myocardial cells of V. hilgendorfii were similar to that of branchiopods, one of the most primitive orders in Crustacea (Tjønneland et al., 1980; Økland et al., 1982; .
Electron microscopy revealed that a neuron situated on the outer surface of the dorsal heart wall (dorsal neuron) sends an axon into the heart wall where it branches widely (Fig. 3) . Moreover, the dorsal neuron connects by many neuromuscular junctions with the myocardial cells along the course of its path (Fig. 4A) . No other neuromuscular junctions except those of the dorsal neuron were found in the heart. These results suggest that the dorsal neuron is an intrinsic motor neuron innervating the myocardium.
In the ostracod Gigantcypris mülleri, light microscopic observations of serial sections by Cannon (1940) revealed the presence inside the heart of a neuron that sends axons bilaterally out of the heart. In V. hilgendorfii, a neuron-like cell was found on the inner surface of the anterior heart wall ( Fig.  4B) , however, no nerve terminals were found in the processes of this cell. The function of this cell is uncertain in the present study, but it is unlikely that the cell is a motoneuron in the heart. Two extrinsic axons enter the V. hilgendorfii heart bilaterally and branch widely in the heart forming many nerve terminals on the dorsal neuron and myocardial cells. In addition to the two axons, some thin axons which form similar nerve terminals were found in the extrinsic and other nerves (Fig.  5) . As it was uncertain whether the thin axons are branches of the two thick axons, we could not determine the precise number of axons in the extrinsic nerve. In many crustaceans, a pair of extrinsic cardioregulatory nerves, each of which contains two or three axons, enter the heart and make synaptic connections with the cardiac ganglion neurons or with both the cardiac ganglion neurons and myocardial cells (revived by McMahon et al., 1997) . In V. hilgenforfii, however, no synaptic structures were found in the nerve terminals of the extrinsic axons (Figs. 3 and 4) . The extrinsic axons appears not to be presynaptic axons against the cardiac neuron and myocardium but may function as neurosecretory axons.
The results of the present study suggest that the heartbeat of the ostracod V. hilgendorfii is neurogenic, with the simplest cardiac ganglion composed of a single neuron acting as a pacemaker. Application of tetrodotoxin, which blocks impulse generation in the crustacean cardiac ganglion, caused a diastolic arrest of the heart (Ishii and Yamagishi, 2000) . This supports the above idea but electrophysiological evidence is required to unequivocally demonstrate a neurogenic heartbeat.
